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SYNOPSIS 
Studies have been conducted to evaluate the low-cycle high-stress 
fatigue behavior of several ship steels under a variety of loading conditionso 
On the basis of these tests and related studies reported in the literature 
a general hypothesis describing the cumulative effect of plastic deformations 
has been developed 0 With this hypothesis the deformation obtained in a 
single loading may be used to describe or predict the basic low-cycle fatigue 
behavior of mild steels for lives up to approximately l}OOO cycles. Further-
more) limited correlations with existing data from other investigations 
suggest that it may also be possible to extend the hypothesis to metals 
other than steel. 
I 0 ~TRODUCTION 
10 General Problem 
For over one hundred years investigators have been obtaining fatigue 
data from specimens of various configurations) made of numerous types of 
materials; and under many different test conditionso As a result) a vast 
8JTI.o1mt of data a:ce available 0 However., most of these data are for specimens 
that failed only after a great mru1Y applications of loado 
~though fatigue failures generally occur in members that are 
subjected to many applications of relatively .low nominal stresses; unusually 
high stresses Day occasionally be encountered in some structures and result 
in failure at a relatively small number of cycles. In such cases the stresses 
or strains vill no doubt be large" generally sufficient to cause yielding 0 
As a result) the q~estion of high-stress low-cycle fatigue has become 
importaYJ.t in na.'1Y fields. 
Du:in; t~e last two decades a large amount of information on the 
:low-cycle !'atib'-le -8c:::a.·.·ior of metals has been published (1)*; the distinction 
between low-:::::e a:-"; lO:lg-life fatigue being made arbitrarily on the basis 
or the n~0e~ c: ::a: a?plications to failure 0 The upper limit of life in 
low cycle :fa:':"~...:<.; :-.:": e;c::e:-ally been selected by various investigators to 
On the other hand; the lower limit 
of life ir. a ':~' .. -::-:':: >: :.:: :.:'gJ.e test is the static tensile test which is 
found to be ~e?:-e::~~,:e:: as :/L) 1/2; 3/4 or one-cycle depending upon the 
stress-cyc.le (:::- :,::-.2..~:.-:::,·::le) studied or the individual investigatorns 
interpretation c:- ;:-e:e:-ence. 
* Numbers in parentheses refer to the List of References 0 
2 
8.ince the boundary between low-cycle and long~life fatigue is 
arbitrarily defined) no precise distinction can be made between these_ two 
designations 0 Furthermore) in low-cycle fatigue tests the loads are generally 
controlled in terms of either load) stress or deformation 0 For this reason) 
all low-cycle fatigue tests need to be ~~ther identified as constant-load) 
constant-stress or constant-deformation testsQ Although most studies have 
been conducted with 'either constant-load or constant strain tests) a limited 
number of exploratory tests have been conducted(2) by controlling limits of 
Utrue stresso U In spite of the fact that extreme care was exercised in 
monitoring these "true stress" limits) a relatively large scatter was obtained 
in the tes t results due to the difficulty of controlling the tltrue stress 0 t1 
In general the results of constant-load low-cycle fatigue tests 
are present.ed in the form of conventional s-n curves where s and n are 
respectively the maximum engineering stress or stress range and the corre-
sponding llfe of the specimens 0 Although the shape of a typical s-n curve 
for low-cycle tests can be qualitatively described) it is difficult to make 
any precise analysis of the test results at the lower numbers of cycleso 
On the other hand) the results of constant-deformation low-cycle fatigue 
tests have sho~~ conslstently that a linear log-log relationship exists 
between the cha2ge ~ deformation and the number of cycles to failure 0 
Empirical relationships have been developed to describe the effect 
of fully-reversed cyclic strain on the low-cycle fatigue life of metals. 
These relationships, however; are not suitable to analyze the data of low-
cycle fatigue tests in which the cyclic changes in plastic strain are not 
fully-reversal 0 In the latter type of test the total plastic strain at 
failure is found to increase with the number of cycleso 
3 
2. Object and Scope 
The current research program was initiated to investigate the behavior 
of ship steels under low-cycle fatigue conditionsD To achieve this objective, 
the program has been divided into the following four phases: (a) a review of 
available information in this field, (b) studies of small coupon-type specimens, 
(c) studies of notched plate specimens, and (d) studies of welded specimens. 
This report summarizes the work done on the second phase of this 
project) namely the stUdies of the low-cycle fatigue behavior of small coupon-
type specimens 0 The primary purpose of this phase of the program is to develop 
a general low-cycle fatigue hypothesis and) in the process, to conduct limited 
studies 0:1 a number of the factors whic,h may affect this hypothesis) such as 
type of test} ~ode of failure, material, specimen geometry and load cycle. 
Conseque~tlYJ mE4~y of the parameters discussed in this report will not or can-
not be eval~ated fully 0 Nevertheless, they have been evaluated insofar as 
possible a.:J.d eften related to other similar information in the literature. 
II. t~e program three types of tests, namely one-cycle, cyclic load, 
and cycli::: d.e:"~:wa.tion tests) were carri.ed out on eleven types of specimens 
made of A3S-C r.~~lizedJ ABS-C as-rolled} and a rimmed steel. Approximately 
240 specil:e::s ..... e:-e 'tested under a var:i,ety of loading conditions 0 
0:: ~r.e basis of a study of published work on low-cycle fatigue, a 
general hypc-:.::-.esis was developed to describe the cumulative effect of plastic 
strains or. ~~e lQ~-cycle fatigue behavior of metals. This hypothesis takes 
into accour.t s-..:.::: fa:::tors as the compressive plastic deformation, the tensile 
plastic defo~ation) and the number of cycles to failure, and has been 
verified by test data of the present investigation. In addition, limited 
correlations with published test data from other types of low-cycle fatigue 
tests on aluminum alloy 2024 were ~e and indicate that it may well be 
, I 
possible to extend the hypothesis to metals other than mild steelo 
4 
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110 DESCRIPTION OF TEST PROGRAM 
4 n Materials and Specimens 
The materials used in the test program consist of the following~ 
(a.) ABS Class C normalized steel (designated as eN-steel)) (b) ABS Class C 
as-rolled steel (designated as CA-steel)) and (c) A rimmed steel . (designated 
as E-steel) 0 All materials were received in the form of 3/4-ino thick., 
6 g -o X 10 3 -0 plateso The chemical composition and mechanical properties of 
these materials are listed in Table 10 
Eleven types of small coupon specimens) designatea as C-l; C-2) 
C-2.1) C-2A) C-2AI) C-2B; C-3" R-l) R-2; - 8-1" and S-2) were used in this test 
Th 1 t ' fief!, UR H , an:=::. fI('"'Iff d t,..,· 1 on t. 1 d program" __ e _ eters , . U Dena e ~~rCl.1_ar; E:ec...,anglU.ar" an 
Square cross-sections respectivelyo The numerals following the letter denote 
the specimen profile~ fllff indicates a constant cross-section over 2-ino gage 
lengt.h; f!2f1 indicates a reduced cross-section at the mid-length of the 
specimen" "21" and "2Al" indicate a constant cross-section over the center 
1/2-ino of the specimen) and rY3ff indicates a constant cross-section over the 
center 1/4-ino of the specimen~ Details for all types of specimens aTe 
shown in Figs" .1) 2) and 30 
The type C-1 specimen is the standard ASTM 1/2-ino diameter tension 
test coupon and was used to obtain the engineering properties of the materials 0 
The type C-2 specimen was the principal type of specimen testedo The reduced 
central section localized the deformation and readily permitted measurement 
of the mlnlm1Xffi cross-sectional areao The type C-2 specimen has a circular 
curvature o~ l-ino radius at the test section) while the type C-2A and C-2B 
specimens have corresponding radii of 1/8-ino and 3-ino respectivelyo The 
theoretical stress concentration factors for the types C-2) C-2A; and C-2B 
specimens are 1010) 1068) and 1003 respectivelyo The type C-3 specimens 
were used only to determine the zero-to-tension s-n curve at long lives for 
eN-steelo Specimens with a rectangular or square cross-section were used to 
provide an indication of the influence of the shape of the cross-section on 
the low'-cycle fatig1..l.e behavior 0 
6 
In the ini ti.al stages of this investigation) most specimens were 
made with threaded ends 0 Later., when two specimens which had been subjected 
to large pre-compressive strains failed in the threaded section, specimens 
with flat pin ends, as shown in Figo 3) were adapted to protect against such 
failures 0 In testing the pin ended specimens, tensile forces were transmitted 
through the pin-connections and compres~ive forces were applied to the 
machined flat ends 0 
All specimens were polished with four grades of polishing cloth: 
Noo 120 X metalite cloth, medium grade emery cloth, Noo 320 emery cloth, and 
crocus clotho In the initial period of this test program a few specimens 
made of eN-steel were polished in a circumferential direction 0 However) the 
remainjng specimens were longitudinally polishedo 
50 Testing Equipment 
Two hydraulically-operated universal testing machines? a 60 J OOO-lb 
and a 120,OOO-lb testing machine, were used for static tension tests, 
Hone-cycle" tests) part of the cyclic load tests) and most cyclic strain testso 
A 10,OOO-lb lh~iversal fatigue testing machine was used for the long 
life zero-to-tensior- fatigue testso The machine is a constant-load type in 
which the mean stress is applied through a static loading systemo The 
alternating stress is obtained from the centrifugal force that is produced 
with an adjustable eccentric weight revolving at a constant speed of 1800 rpm 0 
A 50,000-lb Illinois lever-type fatigue testing machine) see Figo 4, 
was used for the reversed load fatigue testso A set of special reversed-load 
7 
pull-heads were used to transmit the loads to the test specimens. These heads) 
sho\VJn in Figso 5 and 6, transmit tensile forces through pin-connections and 
compression through bearing on wedging compression blocks, which bear on the 
flat ends of the specimen. 
An optical device was used to obtain the initial diameter of the test 
specimens. To measure the diameter of the specimens during the tests) several 
small diameter-measuring devices were usedo In the static tests dial-type 
diameter gages 'Were usedo For the fatigue tests a special diameter gage was 
fabricated with SR-4 strain gages to provide a measure of the'changes in 
specimen diameter 0 The output of these gages was linearly proportional to the 
diameter change and provided a strain increment of one microinch per inch for 
each 0000016 ino change in specimen diameter. 0 Special recorders were used to 
record simultaneously the variation of specimen diameter) the load) and the 
duration of the tests. 
60 Description of Tests and Test Procedures 
A. One-Cycle Tests 
If the fatigue life is defined as the number of tensile load appli-
cations to failure) the lowest possible numherof cycles in any fatigue tests 
is "oneo" In the zero-to-tension fatigue tests) the fTone-cycleff tests is a 
static tension test and) similarly) in reversed-load fatigue tests the 
trone-cycle" test is simply a tension test of specimens that have been pre-
compressed. In the present report, these are all referred to as "one-cyclei! 
testso 
In the early stages of the investigation it was found desirable to 
evaluate the data in terms of the true strain 0 To obtain such data for 
"one-cycle" tests the strain calculation procedure illustrated in Figo 7 
was used. In the virgin state) the test section had an original diameter 
8 
of d and a plastic true strain of zeroo After a plastic compressive loading 
o 
the test section was enlarged and possessed a new diameter, d , and a 
c _ 
corresponding plastic true strain of ~lu At this stage, some of the specimens 
were re-machined to their original size and shape 0 These specimens with a new 
diameter, dr' are assumed to possess a plastic pre-strain of Clclo The specimens} 
either in the as-compressed or in the re-machined condition, were then loaded 
in tension to fracture 0 The specimen diameter at the fractured section, df , 
was used for the computation of the plastic true strain at fracture, ~l} and 
the tensile change in plastic true strain} ~lo 
TIle true strain, <1, as presented by MacGregor(3) ~y be computed 
from area measurements by the following relationship, 
A 
in ~ 
A (1) 
where A ~C A a~e ~espectively the original and the instantaneous areas of 
o 
the specir:..e::. !3:: c.efi::i tion, true strain refers to a localized deformation 
over a give:: 2~~SS se~tion while engineering strain represents an average 
of the gross ~e:::-....?.~ior. over a given lengtho Since failure in low-cycle 
fatigue is ;e::e:-a.::~: [;. localized phenomenon, the true strain is considered 
to be a be~~~:- :-e;:-ese~ta~ion of the plastic deformation at the critical 
section tt..B:_ :;.': e:--e::.:-.ee:-ing strain and will be used in this study 0 
~:e:- a s;e:~e~ has been pre-compressed the plastic true pre-
A d 
<lcl = in A
O 
= 2 2.n dO (2) 
c c 
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Then, if the specimen is loaded in tension to fracture} the plastic true strain 
at fracture is found to be} 
~l 
and the tensile change in plastic true strain} 
A d 
~l c c = In A = 2 Ln-f d f (4) 
When a re-machined specimen is used for this purpose the corresponding relation-
ships will be J 
and 
A Add 
r 0 r 0 
'ltl = .tn - 0 A = 2 .en - 0 d 
Af c df c 
A d 
An '1 = In .2. = 2 I r ~ . Af n d f 
(6) 
All 7!one-cycle U tests were conducted on type C-2 specimenso To 
prevent buckling of the test section at the extrem~ly high compressive loads} 
a special 11 sleeve a.71d slide If assembly was used 0 The specimen was tested by 
(a) inserting short steel pins into the pin-holes at both ends of the specimen 
to prevent excessive deformation of the holes} (b) placing the specimen at the 
center of the "slide" blocks, with small copper shims filling the space between 
the specimen heads &'1.d the inside wall of the ?I slide I! blocks) and (c) fitting 
the assembly into the "sleeve" and then loading to the desired deformation 0 
A picture of a specimen in the flslide" blocks and the "sleeve ff is shown in 
Figo 80 The entire assembly was then centered in the testing machine and a 
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dIal-type diameter gage set in a position to measure the diameter of the specimen 
at mid-lengtha This measurement would be approximate because the m~terial is 
not isotropic and the plastically deformed test section may not remain perfectly 
circular in shape a However) when the specimen was removed from the "sleeve and 
slide Tl assembly) the diameter of the specimen was again measured in two perpen-
dicular directions with the optical diameter-measuring device and the average 
of these measurements was used as the basis for the plastic true strain 
computations 0 
In general) the specimens remained relatively straight and true during 
the pre-compression loading 0 A typica~ pre-compressed specimen ('lcl = 51%) is 
shown in Fig. 9 along with a virgin specimen 0 After the specimens were 
plastica22y pre-compressed to various degrees) the short pins were removed 
from the pi~-holes of the specimens and the holes re~ed with a 3/4-ino 
standard rea~er. The re-machined specimens were then re-processed in the same 
r.J.a.nner as t::e original specimens 0 The subsequent tension tests were conducted 
using t~e "s':'ide" blocks as pull-headso After the specimen failed) the 
diameter at t~e ~ra2tured section was again measured with the optical diameter-
measurinG Ce"::'::::e :'0 determine the tensile change in plastic true strain 0 
B. C::2:'::':::: LJad. Tests 
1:--. :.:-.c cyclic "load" tests} the load limits in every cycle were 
maintained 2:l:-.sta::t throughout the teste When the specimen could no longer 
car~J the re~''':''':'red. Daximum load in the test, the specimen was considered to 
have f! failed. II 4~~F:p::-oxinately 100' specimens were tested in this IilaJ.-mer at 
two stress ratios) ioec) R = 0 and -1, the stress ratio) R ) being defined 
s s 
as the ratio between the cyclic minimum engineering stress and the cyclic 
maximum engineering stresso 
II 
All low-cycle const~~t load fatigue tests on a zero stress ratio, i.e., 
zero-to-tension, were carried out in a 120,OOO-lb, universal testing_machine. 
For the series 1 specimens a continuous record of load and elongation, as shown 
in Figo 10, was obtained using a 2-ino gage-length extensometero However, for 
most of the series 2 specimens) a record of the changes of diameter of the 
minimum section was obtained with the special diameter gageo 
In several of the tests of type C-2 and C-2A specimens the load was 
adjusted and maintained at a level slightly less than the usual ultimate 
strength 0 This load was maintained until the specimen was deformed to such 
an extent that it could no longer carry the loado A record for such a test 
is shown in Figo 110 A few type C-2 and C-2A specimens were also subjected to 
intermittently sustained cycles of load, the periodic loading and unloading 
cycles being patterned so ;that the time at maximum load remained constant for 
each cycle during the life of a particular sp,ecimeno A typical record of· the 
load and the change in diameter with respect to time) for one of these tests) 
is shown in Figo 120 The type C-3 specimens were tested at a speed of 
1800 cycles per minute to obtain a conventional long-life zero-to-tension 
s-n curve for the CN-steelo 
The cyclic f110ad tl tests in reversal and at extremely high stresses 
were conducted in a 60)000-lb universal testing machine with a test proceduxe 
similar to that described previously for the "one-cycle" tests. In some cases) 
the specimens were tested with the first load applied in compression and in 
other cases with the first load applied in tension 0 The specimens were then 
subsequently subjected to constant alternating loads until failure occurred 0 
Measurements were taken of the specimen diameter after each loading to 
determine the corresponding change L~ straino 
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Tllirty-four specimens (Type C-2, C-21, C-2A and C-2Al) were tested 
under reversed-load in the Illinois-type fatigue testing machine. ASter a 
speclffien was placed in the machine, the desired load limits were set ffi1d the 
load was applied manually for the first 10 cycles or until the load limits were 
stabilized. The machine was then run at a cyclic rate of 40 rpm. However, 
at short intervals, the machine was stopped and the load checked and readjusted 
when necessaryo During the tests, a magnifying glass was used to establish 
and observe the initiation of the fatigue cracks. In general, several cracks 
were fOlh~d to develop at about the same time. ~1ese cracks then propagated 
slowly until some of them merged to form a larger crack. Therefore, the 
fractures often exhibited a zig-zag or step appearance at failure. 
C. Cyclic Deformation Tests 
To study the effect of cyclic compressive deformation on low-cycle 
fatigue behavior, cyclic strain tests were conducted at constant values of 
relative-strain ratio, defined as the ratio of the cyclic compressive change 
in plastic deformation to the subse~uent tensile ch~1ge in plastic deformation. 
A relative-strain ratio may be expressed in tellnS of engineering strain or 
true strain, as follcws, 
L::£.c 
r =--
€ L::£.t 
~c 
r =--
CJ. 6qt 
(8) 
Cyclic strain tests were conducted at constant relative-strain 
ratios of -1/4, -1/2, -3/4 and -1. The corresponding strain cycles are 
illustrated in Figo 13 where only the limiting values of plastic true strain 
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at the maximum tensile and compressive load applications are presented a Prior 
to the start of a test the desired limits of diameter for each cycle were pre-
determined from a given combination of r and ~tO The tests were then conducted 
with a procedure similar to that used for the f1one-cycleTr tests. 
A number of the specimens subjected to the lower strain ranges and at 
a relative strain ratio of -1 were tested in the Illinois fatigue + +. "esuIDg 
machine 0 In these tests, the special diamete:c gage was mounted on the minimum 
section of the specimen throughout the testo The electrical output of the 
gages and that of the load dynamometer of the fatigue machine were respectively 
recorded on an X-Y recordero The fatigue machine was manually controlled to 
apply either tension or compression 0 When the change in the specimen diameter 
approached the selected value, ~} the machine was stopped and run in the 
reverse direction until the specimen diameter was reduced to a value close to 
the original diameter, d 0 The specimen was cycled in this marmer between 
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diameter limits of do and do + ~ until the specimen fractured. A typical 
stress-diameter diagram is shoml in Figo 140 Due to the inertia of the 
testing machine, the change in material properties, and the effect of the 
elastic recovery of the specimen, it was difficult to cycle the spec.imens 
within precise diametrical limitso Nevertheless, it was found that the 
change in diameter varied no more than a few percent from the desired value. 
l4 
IIIo DESCRIPTION AND AlilALYSIS OF TEST RESULTS 
70 One-Cycle Tests 
The X'esu.lts of all one-cycle tests are presented in Table 2 in terms 
of engineering stress" true stress) and true strain 0 Some of the specimens" it 
may be noted) ,.,rere re-machined after the compressive .loading while others were 
note Nevertheless; there does not appear to be any significant difference in 
the results obtained from the two types of specimenso 
In the one-cycle tests with no pre-compression, ioeo J sin~le tension 
tests" true stress-true strai.n diagrams were obtained for -specimens of eN, CAl 
and E steels and are shown respectively in Fi.gs 0 15 J 16, and 17 0 It may be 
seen that the curves for both C-steels are similar although the CA steel 
specimens failed at a lower strain value than the CN-steels specimens 0 The 
cr-q curve for E-steel lies below the other two curves by a considerable amounto 
However, the plastic true strain at fracture for the E-steel specimens was 
slightly greater than that for the CA-steel and about the same as that for 
the eN-steele 
The ?Sane-cycle" variation of tensile change in plastic true strain l 
~l:; '<lith respect to the plastic true pre-compressive strain, qcl) is plotted 
in Figse 18, 19) 20 and 21 respectively for types C-2 and C-2A specimens o£ 
eN-steel" type C-2 specimens of CA-steel and tY]?e C-2 spec:i1nen:s of E-steelo 
In Figso 22, these data, in terms of true strains" are all summarized and 
plotted together in normalized form 0 It .appears that in general ~l) the 
tensile change in true plastic strain at n = 1, decreases with an increase in 
pre-coID})ression" However; the effect of the pre-compression on the tensile 
change in plastic strain is not the same for the different materialso At 
the smaller values of pre-strain the specimens of CA and CN-steel exhibited 
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li ttle change i.n the tensile change in true plastic strain while the E-steel 
spec~ens gave a continual decrease with an increase in the pre-comp~ession. 
Nevertheless, at pre-compression strains greater than about 40 percent the rate 
of change of ~~tl was approximately the same for all three steels. In the 
figures it is evident that the total plastic strain necessary to cause fracture 
after a compressive pre-straining will be a fUIlcti'on not only of the pre-
compression but also a function of the material. Furthermore, the figures 
demonstrate that, although the plastic true tensile strain qtl' based on the 
original dimensions of the specimens, decreased markedly with the magnitude of 
the pre-compressio:l, the total change, ,~~l' did not vary significantly for 
pre-strains as higt as 40 percent. 
From ~~ examination of Figs 0 18 and 19 it may be seen that the geometry 
of the specinen ca.y also have a marked effect on the relationship between the 
pre-comp~essior. a:~ tensile strain to failure. The type C-2A specimen with a 
small (1/8 i."1.) ~a..ii1;.s failed at much smaller plastic true strain than did the 
type C-2 speci::e::s .... :.. th a l-in. radius 0 
r::r:-.e 2:--.e-:::cle test data may al~o be considered in terms of engineering 
stresses} as s:-.:-'.;-:-. ~:~ F:"g. 230 Here it is found that the pre-compression 
affects t~e ~:~~:e ~e::sile strength when the pre-compressive stress exceeds 
the basic :.e:-.s::.:'e s:.:--e::e;:.:: of the material~ However) it must be remembered 
that the ~ea ::--.c..-.t:e: as a result of the plastic deformation in pre-compression 
and affec~s ~i:e':"::"~' ::-"':'s relationship. 
8. Cyclic Lcac. :'c::s 
Zero-to-'.:'e:--~sio!1 Tests 0 All I0'.,-life specimens subjected to zero-to-
tension loadings (constant maximum load) were tested with very high loads in 
a manually operated universal testing machine. The cyclic rate for most tests 
16 
was approximately one cycle per minute. The C-3 specimens (used for long life 
tests) were tested in a sonntag fatigue testing machine at a speed of 1800 cpmo 
TIle results of these zero-to-tension fatigue tests are listed in Table 3. 
A complete s-n curve for unnotched specimens (types C-l and C-3) of 
CN-steel is shown in Figo 240 It is to be noted that type C-l specimens were 
tested at a speed of 1 cpm while type C-3 specimens were tested at a speed of 
1800 cpmo Nevertheless, this diagram serves to indicate the general zero-to-
tension fatigue behavior for the CN-steel and provides a fatigue limit for 
this material of approximately 52,500 psi at a life of between 106 and 107 cycles. 
Conventional s-n curves for series 1 and 2 specimens of CN-steel were 
also obtained and are ShOWll in Fig. 25 for lives of less than 1,000 cycleso It 
is found that there was no significant difference in behavior for the various 
cross-sectional shapes (round, square or rectangular). Ho"\vever" a reduction in 
the radius at the test section, although providing an increase in theoretical 
stress concentration, provided also an increase in the fatigue resistance of 
the members at the short lives. Tnis effect is just the opposite of that which 
a notch produces in the fatigue strength at longer liveso Again, it is seen 
that the geoI:!.et::--y of the specimens (that producing a stress concentration) has 
an effect on thei~ behavioro 
A fuyther evaluation of the low-cycle fatigue data) based on the true 
stresses at the first as well as the last maximum load is presented in Fig. 26 
along with the relationship for the maximum engineering stress for type C-2 
specimens 0 ~le dive~gence of the true stress curve in this diagram illustrates 
that during the tests there was more change in the cross-sectional area of the 
test specimens subjected to the lower loads (longer lives) than in the specimens 
subjected to the higher loads) a condition that is generally not expected in 
fatigue 0 It must be remembered) however) that this behavior is for lives only 
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up to appro~dYJately 400 cycleso Under long-life low-stress conditions the true 
stress curves can be expected to converge to the engineering stress curve 0 Thus} 
a marked change or transition in true stress behavior can be expected at an 
intermediate life and might provide a means of differentiating between plastic 
low-cycle fatigue and long-life fatigue 0 
W11en plotted on the basis of engineering stress it is found that the 
low-cycle portion of the s-n curve is rather flato This flatness is more 
pronounced fo:::, the plain specimens t.han for those which are notched and suggests 
that the r.:J.axirn1.lII: average stress is not a good discriminator of low-cycle life 
in zero-to-ter:sion fatigue tests 0 As a result} many investigators present lo,\{-
cycle fatib~e data in termB of strain rather than stresso As shown in Figs. 27} 
28 and 29 the strain (engineering strain for the series 1 specimens and true 
straL~ fo~ ~te series 2 specimens) at the first maximum load is a more sensitive 
para.metel- ~~:a:: the maximum engineering stress for the presentation of fatigue 
data for fai':'~e L~ less than approximately 400 cycleso straight lines can be 
used nost e::e:tively to represent the data 0 
~es~ iata for sustained maximum load fatigue tests are listed in 
Table L. s~ows the relationship between the initial true strain at 
the IDa..-xi=...:.:: ':::.:a..:i ";s" I:;he time at the maximum load for one-cycle sustained load 
tests. T::-..;.,.:, :::-;i:al of a creep-rupture relationship" the time to failure was 
found to L~:~ease ':ogarithmically with a decrease in the initial straino Other 
tests ir. ~~i: se~ies were conducted under repeated loadso In Figo 31 are 
shown the loa.:.-:::::e curve for three of the type C-2A specimens (C-2A-CN 168" 
C-2A-CIJ l66) a..--::l C-2A-CN 169) that were subjected to approximately the same 
load" but with different lengths of time for the sustained maximum loado The 
lives of these specimens varied from 6 to 23 cycles as a result of varyL~g the 
time at the cyclic m~~um load from 10 minutes to 1 minuteo The relationships 
18 
between the time at the maximum load per cycle and the fatigue life for specimens 
with approximately the same initial true strains are shown in Fig. 32. It is 
evident that the load pattern or length of time sustained at the maximum load 
has a marked effect on the low-cycle fatigue life in the zero-to-tension tests 
at a constant maximum loado 
It is generally found that the rate of cycling) if below approximately 
3000 cpm) has no significant effect on the fatigue strength of a member under 
long-life fatigue. However) in the case of low-cycle fatigue it can be expected 
that the loading rate) the magnitude of the load) and the length of time that 
the maximum load is sustained will all a.ffect the behavior 0 Lower rates of 
loading) higher loads and longer periods of sustained load will "each tend to 
reduce the number of' cycles to failure 0 
Reversed-Load Tests 0 The results of reversed-load fatigue tests for 
several types of specimens prepared and tested in various ways are listed in 
Table 5; and plotted in Figso 33 and 34 0 In both figures) it may be seen that 
the direction of the first loading (whether tension or compression) appears to 
have a small effect on the fatigue behavior of types C-2 and C-2A specimens at 
lives less than 100 cycles 0 Figure 33 shows also the effect of the direction 
of polishing; specimens prepared with longitudinal polishing had a somewhat 
higher fatlgue strength than those with transverse polishingo In the same 
figure; it may be seen that there is no aging effect in the life region between 
-z. h 
10/ and 10~ cycles for specimens aged at lives ranging from 1 to 500 cycles 
and then tested to failure 0 
The low-cycle reversed load fatigue behavior of Types C-2A and C-2Al 
specimens is shown in Figo 340 The specimen with the higher stress concentration} 
type C-2A, had a higher strength at n = I, but gradually lost this advantage. 
The fatigue resistance of the type C-2A specimens is found to be e~ual to that 
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of the type C-2Al specimens at a life of approximately 104 cycles, equal to that 
of the plain type C-2 specimens at a life of approximately 103 cycles and) at 
greater lives) the fatigue resistance of the type C-2A specimens would be lower 
than the others. This general behavior is similar to the behavior obtained in 
the zero-to-tension tests and similar to the behavior of notched specimens 
tested and reported by other investigatorso 
In the reversed-load tests the specimen diameter was measured after 
each loading and the corresponding true strains then computed. As a result, 
strain histories of the type shown in Figs. 35 and 36 were obtained. It is 
evident that in tests where load limits are maintained const&~t the plastic 
strain limits vary throughout the tests. In these particular tests) the plastic 
true strain limits increased continuously with an increase in the number of 
load applications and then exhibited a major jump to the ultimate plastic true 
strain in the final cycleso 
The specimens tested at 40 cpm and high stresses heated up during 
the testso Thermocouples were attached to a number of selected specimens to 
determine the magnitude of the heat increase with respect to the number of 
cycles 0 In general it was found that the temperature of the specimens increased 
rapidly initially and then gradually came to a steady-state value as shown in 
Figo 370 Here it may be seen that the rate of initial temperature change and 
the level of the steady-state temperature both increased with an increase in 
the magnitude of the applied stresses. 
In the reversed-load tests the appearance of visible cracks was 
noted aDd has been related to the number of cycles to failure. This relation-
ship) as presented in Fig. 38, may be represented approximately by the equation, 
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A relatively small scatter band was obtained in these tests and would probably 
have been considerably smaller if more refined methods had been used to determine 
the time of crack initiation 0 
A variety of fractures ~8d lives have been obtained in the reversed-
load tests, depending upon the magnitude of the applied load 0 A number of 
typical fractures may be seen in Figo 390 In this figure are shown four type 
C-2, one type C-2A and one t;:r.pe C-2Al specimens. The four t;:r.pe C-2 specimens 
demonstrate the effect of stress magnitude and indicate that there are more 
cracks in the specimens tested at the higher stresses than those tested at low 
stresses 0 In the three specimens of Figo 39(b) the effect of specimen geometry 
is portl~ayed 0 The larger radius provides a more irregular frac'ture and a 
marked increase in lifeo 
90 Cyclic Deformation Tests 
A total of thirty-five type C-2 specimens were tested at constant 
relative-strain ratios of -l/4, -1/2, -3/4 and -10 Schematic q - n (strain 
VSo cycles) diagrams illustrating the cyclic strains for each of these r-ratios 
are shown L~ Figo 130 The results of these tests are listed in Table 6 and 
plotted in Figs. 40, 41 and 42 for the three steels testedo It may be seen 
that straight lL'1es with slope.s that vary with the r-ratios fit the data 
quite well 0 These data may be further combined by dividing all plastic true 
strain values by their corresponding values of 6~l' the plastic true strain 
for one-cycle. These strain values are said to be "normalized. If (4) Figure 43 
is a diagram with normalized cyclic tensile change in plastic true strain 
plotted against n, the cycles to failure, on a log-log basis for all three 
steels testedo When the test data are presented in this manner, there does 
not seem to be any effect of material on the slope of these relationshipso 
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Evans(5) obtained a constant true strain at fracture in his repeated 
tension tests, regardless of the number of cycles applied prior to fracture 0 
In the program reported herein it was observed that for a group of C-2 type 
CN-steel speclffiens subjected to various amounts of repeated tension, regardless 
of the number of cycles of tensile load before fracture, the final value of 
plastic true strain at fracture was more or less constant for the zero-to-
tension low-cyc1e testso The plastic strain data from these tests are listed 
in Table 8 ru1d also plotted in Figo 440 It is evident that, in these tests, 
regardless of the number of cycles of tensile load applied before fracture, 
the final value of plastic true strain at fracture is more or less a constant 
for the materials studied and at least for lives as great as 350 cyclese 
Therefore, it is reasonable to conclude that for low-cycle fatigue tests in 
repeated tension only, ieeo) r = 0, the cyclic tensile change in plastic true 
strain is linearly accumulativeo 
In the cyclic deformation tests where the limits in true strain were 
monitored in each cycle) the magnitude of .load necessary to cause these strain 
changes varied) generally increased, from cycle to cycle 0 In Figso 45 and 46 
are shown the envelope of true stress histories of cyclic deformation of 
type C-2 specimens of the eN steel tested at relative-stress ratios of -1/4 
and -10 In general, there was an increase also in true stress with increasing 
number of cycles 0 In such cases the specimen is said to have "strain-hardened" 
due to repeated loadingso It is also noted that generally there is more 
strain hardening in specimens subjected to higher strain values and lower 
relative-strain ratioso The true stress curves of Figo 45 at a relative-
strain ratio of -1/4 are much steeper and. show a greater change with life 
than do those of Figo 46 and thereby show a greater llstrain-hardening" effecto 
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Apparently under a complete reversal of strain) such as that s~own in Fig. 46) 
the cOIlIpressive straining tends to lIstrain soften" or reduce the "strain 
hardening!! of the materialo 
Some of the fractured specimens are shown in Fig. 470 In the top rmv) 
three "one-cycle!! test specimens are presented) one for each materialo It may 
be noted that vertical cracks are present on the surface of the E-steel specimen 
shown on the right side of the page. These vertical cracks, often resulted 
when large compression loads were employed) but only for E-steel specimenso 
In the second rO\l three CA-steel specimens are shown after being tested at 
relative-strain ratios of -0025) -0050) and -00750 These gave lives of 10) 
14) a."rJ.d 17 cycles respectively 0 All s it"'{ specimens exhibited cup-and-cone type 
of fractures. L~ the bottom row of Figo 47 are shown specimens of the three 
st.eels tested witt... :r = -10 There was evidence of numerous surface cracks on 
the spec~e~s t~ere8y demonstrating that these specimens were close to failure 
at a nlli"':lber of locations 0 
IVe A LOW-CYCLE FATIGUE HYPOTHESIS 
lao Ot,her Investigations of Cyclic 'Deformation Low-Cycle Fatigue Tests 
A 0 EXperimental Results 
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In 1912, Kommers(6) concluded from a series of cyclic bending tests 
that the magnitude of the cyclic deflection was an important factor in low-cycle 
fatigue studies 0 Later, tfunit-defo:cmations" or "engineering strains" were used 
as test parameters by various investigators to include the effect of possible 
variations in the initial gage length of the specimens 0 In recent low-cycle 
fatigue investigations there has been an increase in the use of "true strains." 
Neverthe.less; the computations of Ilunit deformations, 1. Il engineering strains, 11 
and Ift.rue strains l1 are still based on the measurement of gross deformations or 
deflections of the specimens 0 It is to be noted that the distribution of 
"engineering strains il within a certain volume, or the distribution of fltrue 
strains" over a certain cross section is not always uniform, especially when 
appreciable changes in geometry, such as the occurrence of cracks, take place 
in the test sectiono Therefore, in the following discussions the word 1'strain" 
refers to a representation of some gross deformation or deflection experienced 
by a portion of ~he specimen rather than a verJ' localized phenomenon as the 
word Hstrain" sometimes implies 0 
Evans(5) repeatedly applied tensile forces to produce constant 
increments of longitudinal plastic strain to axially-loaded specimens made of 
various metals, He observed that while the total engineering strain at fracture 
increased as a result of repeated loadings, the true strain at fracture remained 
constant in most cases? In Figo 48, cyclic tensile changes in plastic engi-
neering strain) ~t' in percent vs~ number of cycles to fracture N, are plotted 
on a log-log basis for a mild steel and a copper wireo It. may be seen that, 
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for specimen lives less than about 100 cycles, straight lines with a slope of 
-1 fit the test points ~uite well. 
Low(7,8) carried out bending fatigue tests on two aluminum alloys and 
three steels at room temperature, and Johansson(9) conducted cyclic bending 
tests on three steels at various temperatures ranging from +200 to +5000 C. 
Again) both investigators found a linear relationship between cyclic strains 
and corresponding specimen lives on log-log plots. 
Coffin and his associates(10,ll,12,13) have conducted extensive low-
cycle fatigue tests on 347 stainless steel specimens with thermal and mechanical 
strain-cycli~g. In their earlier works, engineering strains were used as a 
basis for "their tests. Recently, they have placed emphasis on the usage of 
true strai~s Doth in the testing and in the analysis of their test results. 
In analyzi~g their own data as well as reversed strain test data of others, 
it was fo~~ t~at straight lines with a slope of approximately -0.50 best fit 
the test pci~ts on log ~ (cyclic tensile change in plastic true strain) vs. 
log N (nu.:::be:- c: cycles to failure) diagrams as shown in Fig. 49. Hovlever, 
Douglas ~d Sw~=de~(14) tested Hastelloy B} beryllium, and Inconel at 
temperat~es a:::,";e +13000 F and obtained for these materials straight lines 
with slopes :"a.-.e;:':-.g from -0.58 to -0.81 on a log 6.€. vs. log N diagram. In 
lj 
( ~ - ) 
1959, Majors~ \-~ ~n reversed-strain tests on axially-loaded specimens of 
titaniuw a:.~ ~::~e: at high temperatures, found the slope to vary from -0.48 
to -0.51. 1·:::re recently, Dubuc(16) found a slope of -0.53 for a low carbon 
steel ~~d a :rass i~ cyclic axial strain tests. These differences indicate 
that the slope of log ~t (or log 6.~) vSo log N lines may be a variable and 
depend upon the test conditions. 
Many constant-deformation tests have been conducted on 2024 ST 
aluminum alloy. In 1949, Liu et al(19) carried out under axial-loading, 
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reversed IItrue-strain ll tests on this same alloy and to a maximum life of seven 
cycles 0 Following the exploratory experimental study made by Lin anq Kirsch) (2) 
Pian ::I.neL D FAmato (18) performed .low-cycle fatigue tests on the same material but 
with variations in the absolute-strain ratio) R (i.e.) ratio of cyclic minimum 
strain to cyclic maximum strain)) and obtained data for lives up to 200 cycles. 
Later) D~Amato(4) carried the same type of test up to 10)000 cjTcles. These 
results also show that straight line relationships exist between the cycli.c 
tensile change in plastic strain and the specimen life on a log-log scale. 
However) the slope of the lines was dependent upon the value of mean strains used. 
Sachs et al(19)20) conducted" both axial and bendi~g low-cycle fatigue 
tests on specimens of A302 steel) 5454-0 aluminum) and 2024-T4 aluminum alloy. 
They report that the effect of mean strain becomes insignificant when the 
specimen lives are greater than 10)000 cycles. 
In 1960) Mehringer and Felgar(21) reported a series of thermal strain-
cyc.ling tests on two high temperature alloys~ Because of the low ductility 
possessed by both metals) the plastic strain values were too small to be 
measured with the desired accuracy and the test data had to be presented in 
terms of stress vSo life. This experience indicates one of the limitations 
on the use of cyclic plastic strain as a parameter in the case of low-
ductility materials 0 
B 0 A..Tlalys is 
Since Orowan(22,23) published his theory on the fatigue of metals 
in 1939, the results of many experimental studies ha,re confinued his pre-
diction that a linear relationship exists betMeen log t£t and log N. In his 
original theory(22) emphasis was placed on the assumption that the distribution 
of stress in the material is not homogeneous. With an additional assumption 
that reversed local plastic deformations could cause a progressive work-
hardening in the material) it was postulated that failure l.,rould occur at 
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points where either the stress or the total absolute plastic strain reached a 
critical stress or strain valueo Later) orowan(23) suggested the following 
expression for cyclic strain tests) 
N • .6E = C t (10) 
where ~t is the cyclic tensile change in plastic engineering strain and C is 
a constant. 
It is noted that Orowanis theory was originally.intended to explain 
the fatigue behavior of an idealized material at points where stress-
concentrations exist. Therefore, E<lo (10) must be modified for cases where 
strains representing the gross deformation of a specimen are used instead of 
the localized strain valueso Nevertheless) this relationship has served as a 
basis for most of the hypotheses that have since been developed. Gross &nd 
Stout) (24) as well as Manson) (25) on the basis of reversed-strain tests, 
introduced a new variable, m, into E<l. (10) 
rrob£ =C t (11) 
where m is an empirical constant obtained from the slope of the log ~t vs. 
log N diagram 0 Le.ter, Coffin and his associates(11,13) found that a constant 
slope of -1/2, (ioeo, m = 1/2) best fit their test data) as well as that of 
many others, and suggested the following expression: 
(12) 
where <lr is the plastic true strain at fracture in tension. 
Recently Martin(26) obtained the following expression on the basis 
of an energy criterion 0 
27 
=-
~2 
Extensive comparisons made by Martin show that" for axial strain tests) the 
right hand term in E~o (13) gives a better prediction of the constant C than 
that used in E~o (12)0 However) the right hand term in E~. (12) seems to give 
a better prediction of the constant C in the case of fleXlU~al strain tests 
conducted at high temperatureso 
Gerberich(27)28) obtained E~o (14) by trueing into consideration the 
effect of mean strain on low-cycle fatigue liveso 
E' - E 2 
N = (_f ___ O) 
E 
(14) 
or 
(15) 
where E} is the appp~rent fracture ductility and. E:o is the mean strain. In 
al (l9)20) later reports on the same program) Sachs et subsituted €TR) the 
total strain ra.'1ge} for E; the plastic strain rangeo Test results on 
2024-T4 alunin~ alloy specimens(27)28) show that Ego (14) descTibes very 
well the low-cycle fatigue behavior for various mean strainso However} it 
may be noted that (a) the apparent fracture ductility) €f is a nominal value 
which is difficult to obtain; and (b) this relationship applies o~~y to 
tests with positive mean strains; modifications must be made for other 
values of IYlean s'traino 
Co 1I0ne-Cycle fl Tests 
In the above-mentioned references; it is noted that most cyclic 
strain tests had been conducted under reversed-loadings 0 At the ,lowest 
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possible number of cycles in a reversed-strain test} the cyclic strain test 
simply becomes a tension test of specimens that have been plastically_pre-
compressed" or briefly a ffone-cyc.lei! test~ 
Bridgman(29) reported a series of lIone-cycle" tests in which a low 
carbon steel was austempered* or tempered* to nine different conditions 0 
Cylinders with an initial dimension of 105 in~ both in diameter and in length 
were pre-compressed in three stages to a single value of tl~e strain of 
-125 percent~ At each stage} the compressive load was applied until the 
cylinder length was reduced to 2/3 of the original length} and then the 
cylinder was re-machined to its original 1 to 1 ratio of length to diameter 0 
This process was repeated until the length of the cylinder was reduced to 
0042 ino (equivalent to a true strain of -125 percent). The cylinder was 
then cut to make three small tensile specimens (with the axes of two specimens 
along and one specimen transverse to the longitudinal axis of the cylinder y. 
Then, tension tests were carried out in a specially designed test apparatus 0 
Tne instantaneous diameter of the specimen was optically measured with a 
rD.croscope attached to the apparatus 0 Test results are shown in Figo 50, 
where the tensile cr~ge in plastic true strain at fracture) ~tl) is plotted 
against the amount of plastic true precompressive strain, ~l} to which the 
members had been subjected (a single value of -125 percent in this case)o 
Although only tvo points are shown for each of the nine heat treated 
conditions) it may be observed from these results that (a) the tensile strain 
at fracture is affected by the plastic true pre-compressive strain in the 
material and (b) the effect of pre-strain appears to vary with the heat 
treatment to which the material was subjectedo 
* Austempering involves the formation of bainite, the presence of which enables 
the material to possess relatively high impact resistance. Tempering 
produces tempered martensite in the material structure} and thus 'increases 
'the ductility of the steel" 
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Later) in a study associated with an investigation of the initiation 
of brittle fracture" Drucker" Mylonas" and Lianis(30 ) conducted flone-cycleu 
tests on a rimmed ship steel often referred to as liE-steel" in a manner similar 
to that used by Bridgman except that more steps were taken in applying the 
compressive deformation and that standard tensile specimens were used. In 
addition" some specimens were artificially aged before the tension tests. The 
original information on the amount of pre-compressive strain \Vas p:cesented in 
terms of longitudinal strain (f- - I" where! and to are respectively the final 
o 
and initial lengths of the cylinder used in pre-compression)¢ By assuming 
that there is no volume change in the pre-compression operation" these longi-
tudinal strains may be converted into equivalent true strains (In 4-). The 
.r. 
o 
test results so co:~:;erted are plotted in Fig. 51 where ~l is the true strain 
at fra.cture a.."1d is equaJ. to the algebraic sum of corresponding values of 
6~1' the tensile c~~"1ge in plastic true strain" and qcl" the plastic true 
pre-compress:'c:-: It may be seen in Fig. 51 that" (a) the true strain 
at fract1..l:"e de::-ea.ses as the amolmt of pre-compressive strain increases, and 
(b) there is :-.c s::~.:':i:a.."1t difference in the strain at fracture between the 
artifically a.t~:' 8:.: -..:::aged specimens 0 Furthermore" except for the data at 
the highes~ vu..:.....:e: :: ;:-e-compression" Clcl" approximately -63 percent" the 
data are lr-. E:J:':' ~~:·ee::.e:-.t h'ith that presented in Fig. 21 for the study 
reported ~e~e~. ~:: <r ~;ite of the differences in types of specimens and in 
the test pro: Ec!·...:.:es . 
110 General Le· .. · 2:::'::"e Fa-:igue HYIJothesis 
A, Assur::ptio:1s 
zene:r(31 ) has stated that "Fracture cannot occur independently of 
deformation 0 II Although deformations can occur without necessarily causing 
fracture in the material" it is reasonable to assume that plastic deformation 
is cumulative in some manner toward the total fracture of the material. 
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Let us now examine more closely the empirical relationship shown in 
r 0 6E t = C (11) 
If we raise both sides of the equation to (l/m)th power, we obtain 
( 16) 
or 
If we let n be the number of applications of tensile load prior to fracture, it 
is apparent that the lowest possible number of n is 1 llhile the counterpart for 
N generally has been taken as 1/4 or 1/2 in the literature. The difference 
between n and N is small at large values of N so for all practical purposes, 
Ego (17) may be rewritten ·as follows~ 
bEt lim 
n (-C-) 100 (18) 
Furthermore, since at n l 
Eqo (17) becomes 
The slopes of the curves in Figso 48 and 49 are approximately -1 
and -1/2 respectively for test results of Evans(5) and those of Coffin(11,13). 
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Since Evans conducted his tests with tensile loadings only and Coffin conducted 
most of his tests under fully reversed-strain conditions) it seemE reasonable 
to assume that this slope) -m) is a variable that is dependent upon the relative-
strain ratio) the ratio of the cyclic compressive change in plastic true strain 
to the cyclic tensile change in plastic true strain. On this basis) the inverse 
of the slopes of the curves in Fig. 43 have been detel~ined and found to be 
1.22) 1043) 1.65) and 1.86 respectively for r-values of -1/4) -1/2) -3/4) and -l. 
When these corresponding values of lim and r are plotted) as shown in Fig. 52) 
the followi~g relationship is obtained. 
lim = 1 - o.86r (20) 
This rela:'io~ship has been assumed to relate the slope of the fatigue CU1'ves 
to the rela:'ive-strain ratio for which they were obtained. 
Se",leral further assumptions have been made in developing a low-cycle 
fatigue hypo:.:-.esis. Firstly) it is assumed that low-cycle fatigue fractures 
occur in ~e~si8~ o~y. This assumption is generally true for steels. Secondly) 
it is realizec :'~a:' the specimen geometlJ( would change somewhat at the large 
plastic s:~a~~~ ~~ low-cycle constant-deformation tests. However) the effect 
of' geomet~ica..: ':a::a:ions in the specimen profile is assumed to be compensated 
when such c:c::.::-a.::.:s as L£tl or ~l) as obtained from Hone-cyclet! test results) 
are used. ~G, :~~a:ly) it is assumed that fracture of a material is produced 
by an acc~~a:'~~~ of the plastic deformation experienced by the material. 
This assuwp:~c~ ~s =arle on the basis of the observations of low-cycle fatigue 
test data discussed earlier. 
Bo Hypothesis 
On the basis of the experimental evidence and assumptions discussed in 
the previous section) it is postulated that plastic deformations cumulate 
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according to an exponential function and more specifically) that the hypothesis 
may be presented in generalized form as follows: 
~ [c:=!.-//mJ L .6.Etl . i=l 2 (21) 
Since it has been shown(4) that for low-cycle fatigue conditions true strain 
values are approximately proportional to the corresponding engineering strains, 
a similar expression may be written as f6110ws in terms of true strains. 
f r ~ l/ml (22) (-A -) - 1.0 
.~ L 'DCltl- J. 
2= ~ 
where 6Et is the cyclic tensile change in plastic engineering strain) 
6Etl is the cyclic tensile change in plastic engineering strain 
at n = 1) 
i is the number of applications of tensile load) 
n is the numbeI' of applications of tensile load prior to 
fracture 
m is a variable depending upon the amount of cyclic com-
pressive strain, or the relative-strain ratio) 
.6~ is the cyclic tensile change in plastic true strain) 
.6Qtl is the cyclic tensile change in plastic true strain at 
n = 10 
As noted previously) botb. 11m and .6.Etl (or .6Qtl) are functions of r) the relative 
strain ratio" Tnerefore" for constant values of the relative-strain ratio) r) 
Eqso (21) take the form of Eqo (19). 
12. Correlations with Test Data 
Six type C-2 and three type C-2A specimens of CN-steel were previously 
tested in reversed-loadlow-c~le fatigue tests. The plastic true strain history 
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for each of these six specimens is listed in Table 8 (also see Figs. 35. and 36). 
By analyzing each strain-cycle with the hypothesis, the ~uantity 
was evaluated for these tests and found to vary from 0.94 to 1.08 as shown in 
Table 80 These values. are close to the value of 100 re~uired by the hypothesiso 
Data in the literature are generally reported for cyclic strain tests 
conducted by cycling a specimen between a constant cyclic maximum plastic strain 
(0 or E ) and a constant cyclic minimum plastic strain (0 On or Eo). 
lruaX max Jnl m~n 
In most cases, the tests were started with a tensile load to produce the upper 
or maximum strain limit which was followed by fully reversed strainso Some 
test series were carried out with constant absolute-strain ratios, ioeo) 
R = constant; while others were carried out with constant mean strains) ioe., 
~ or Em = 00 Since the ~lantity ~ is not necessarily a constant in these 
tests) the test results are presented in terms of ~ax vSo n (for positive ~ax) 
or ~in vs. n (for negative ~ax)o 
Based on the general hypothesis presented herein) equations have been 
derived for various test conditions. For constant R-ratios the relationship 
between ~ax and n may be derived as follows: (a) The first cycle (see insert 
of Fig. 53) is assumed to consist of a single tensile change in plastic true 
strain, ioe., r = 00 (b) The subse~uent cycles of strain are full-reversals, 
i.e., r = -I. Then, for the first cycle) (i = 1), 
r = 0, 11m = 100 (from Eq. 20) 
.6~tl = ~f 
.60 J = q---~ "'1Ila.x 
For the subse~uent cycles (i > 1)) 
r = -1, 11m = 1086 (from Eq. 20) 
~=~a.."'{-~n 
= (1 - R) ~ax 
If we substitute these conditions into E~o (22), we obtain, 
[ ~axJ 1086 Cn - 1) (1 - R) ~l = 1.0 
Pian and Df Amato(18) tested ·coupon-type 2024 aluminum alloy specimens 
with constant R-ratios of +0.75) +0.50) 0) and -1000 The plastic true strain at 
simple tensile fracture) ~f) for this particular type of specimen was found to 
be approximately 34 percent. Since no "one-cycle" test information is available 
for this specimen) it is assumed that ~l is a constant and e~ual to ~f for 
all ratios} i.e.) .6Cltl = ~f = 34 percento Then" from Eq. (22), the follo1"ing 
relationships may be obtained: 
For R (23a) 
For R = +0.50) ~ [~J 1086 + (n - 1) bEr' = 1.0 (23b ) 
For R 0) ~x [~xJ 1.86 + (n - 1) 3"4" = 1.0 (23c) 
For R = -1) ~ [~ J 1.86 Y + (n - 1) 1 ~x = 1.0 (23d) 
35 
These equations are plotted in Fig. 53 along with the corresponding test data 
tru{en from Ref. 180 Despite the assumption made regarding ~l' the _cUl~ves 
plotted on the basis of this hypothesis seem to fit the test points reasonably 
well for lives up to approximately 200 cycles ° Similar equations were obtained 
and compared with Gerberich's test data. These latter comparisons are shown in 
Figs. 54 and 55. 
Similarly, expressions may be obtained for tests conducted with 
constant mean strains, ~ or €mo 
(24) 
For the first cycle (i = 1), 
11m = 1.0 (from Eq. 20) 
~ = ~ax 
For the subsequent cycles (i > 1») 
11m = 1.86 (from Etl. 20) 
Substituting these conditions into (22), we obtain 
[2(~X - ~)J 1.86 (n - 1) 6cL-L..l 1.0 
For tests with a negative mean strain and a negative maximum stl'ain, 
the first load is in com~ression, such as sho\vn in the insert of Fig. 56. 
"", Assuming that ~qc = ~~ in the first cycle) the following equation may be 
obtained from Etl0 (22). 
n [2(~ -~n)J 1.86 = 1.0 
6~l 
Then, for q = -7.5 percent, 
m 
[ 
-7 · 5 - ~nJ 1.86 
n 19 = 1.0 
(26) 
(26a) 
E~uation (26a) is plotted in Fig. 56 in terms of ~n and n along with the 
corresponding test data from D f Amato(4). Excellent correlations are again 
obtained. 
D f Amato(4) reported also test results on a 2024 aluminum alloy with 
constant mean st~ai~s of +27.5%, +13.5%, +7.5%, 0%, and -7.5%. The plastic 
true strain at siqp1e ter-sion fracture, ~, was found to be.about 38%. 
Assuming again that ~1 = qf = 38% for all r-values, the following e~uations 
may be obtai~ed ~~oc Eqs. (25) and (26). 
For ~ 
For ~ = O%J 
For ~ - 7.5%, 
~ax [~ax - 27· 5J 1.86 3b + (n - 1) 19, = 1.0 
~x ( 3b+ n 
~ 3b + (n 
[~ax - 13.5J 1.86 _ 1) 19 - 1.0 
r
a 
- 7· 51 1086 1) "'max 
19 
L- ...J 
= 1.0 
[~axJ 1.86 1) 19" = 1.0 
[ 
-7·5 - ~nJ 1.86 
n 19 = 1.0 
(25a) 
(25b) 
(25c) 
(25d) 
(26a) 
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Equations (25a) through (25d) are plotted in Fig. 57 in terms of ~ and n) along 
with the corresponding test data from Ref. 4. Equation (26a) is plotted in Fig. 56 
in terms of a. and n along with the corresponding test data from the same 
~n 
reference~ Excellent correlations are found in most cases. 
Dubuc(16) tested SAE 1030 steel specimens with a gage length of 1 in. 
These tests) with c = 0) were conducted by controlling the total engineering 
m 
strain range. To apply the present hypothesis) t£tl was assumed to be constant 
and equal to the elongation at static tensile fracture) 44 percent in this case. 
Then from Eq. (25)) assuming ~ax and c
max 
to be approximately equal) we obtain) 
~ + (n - 1) [~~J 1.86 1.0 (25e) 
Equation (25e) is plotted in Fig. 58. In the figure) test points from Ref. 16 
are plotted in terms of the cyclic maximum plastic engineering strain measured 
at half of the specimen life. 
V. SUMMARY OF RESULTS AND CONCLUSIONS 
130 General Discussions 
In general, the correlations of the present hJ~othesis with the test 
results of Pian and D~Amato(18), Gerberich(27,28), and D i Amato(4) show that it 
may be possible to use this h:y:pothesis to describe the cumulative low-cycle 
fatigue behavior of 2024 aluminum alloy specimens. In addition, the correlation 
made with Dubuc V s(16) test data indicates that the hypothesis may be equally 
applicable to tests of steel specimens conducted on the basis of engineering 
strainsc 
Since there is no available information on "one-cycle" tests of the 
2024 alu=i~~ alloy and the SAE 1030 steel, it was necessary to make the 
assunp~io~ ~~a~ ~qtl = qf for all r-ratioso Moreover} the use of Ego (20), 
the eEpi~i2a: ~elationship obtained from the cyclic true-strain tests of mild 
steel spe:ise~s, ~ay not be applicable to these materials. Nevertheless) these 
comparisc::s de::8:1st~ate that there is an excellent possibility of this h;y]?othesis 
desc~icir:= ~::e ;e::e~al trend of low-c:ycle fatigue behavior of various metals 
lL.'1dey .;8.::'~~:l'''':''::: :.es ~i~6 conditions 0 
I:. a..:::: :;:'C:1 to the development of the general low'-cycle fatigue 
h~othesis) :~~:ej s~udies have been made on such factors as type of test, 
mode 0: :2..:':'~e) r:.a:erial, and property variations during the tests. These 
items wil: :,e ::;:-:'e:'ly discussed in the following paragraphs 0 
1-: .... as cc::sidered desirable in thi.s investigation to test all specimens 
under ~~ial-lc~:'r:;s. Tests conducted in this mruL~er are the simplest ~~d 
provide the nos~ direct way of obtaining the low-cycle fatigue resistance of 
the material. Since axial-load low-cycle fatigue tests may be carried out by 
controlling either the load limits or the deformation limits, both cyclic "load" 
and cycliC Tldeformationlf tests were conducted. In addition} a number of 
39 
one-cycle tests 1';ere carried out to establish the fatigue behavior at the lowest 
possible number of cycles for both the load and deformation types of tests. The 
latter type of test'is esp$cially worthy because it is relatively simple to 
perform &~d the results may be used in the proposed hypothesis to predict the 
low-cycle fatigue behavior of specimens of the same material and geomet~J. 
In long-life fatigue tests) the fracture of a notched specimen usually 
exhibits little deformation. However, the fractures resulting from low-cycle 
fatigue loadings may show deformations which rru1ge from that of a long-life 
fatigue failure to that of a static tension failure) depending upon such 
factors as the type of test) the magnitude of the applied stresses, the material) 
the geometry of the specimen) the test temperature, the cyclic rate) etc. 
The effect of strain aging was considered in both one-cycle tests 
and reversed-load fatigue tests. In both types of tests) there was little or 
no difference in the low-cycle fatigue behavior of aged and unaged specimens of 
ABS-C normalized steel. 
The three mater.ials used in this program were all mild steels) but 
with different mechanical properties. While pre-compression had different 
effects on the one-cycle behavior of these steels) there was little or no 
difference in the "normalized" cycliC-deformation behavior .among these three 
materials. 
The variations in true stresses and strains that OCCUl~ in Doth the 
cyclic load and the cyclic deformation tests have been studied by measuring 
successively the variations in strain and load after each loading. It is 
found that when the load-limits are maintained constant in low-cycle fatigue 
tests the true strain limits increase continuously until failure. In the 
case of cyclic deformation tests) wherein the cyclic strains are maintained 
constant) the true stresses in each cycle increase with the number of load 
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applications 0 However) the amount of increase ap~ears to be a function 'of the 
relative strain ratio. 
140 Summary of Results 
The results of this study, although based on a very limited number of 
tests) appear to be quite consistent and may be briefly summarized as follows: 
A. One-Cycle Tests 
For the two types of specimen and three steels studied in this investi-
gation, it has been found that 6qtl) the total tensile change in plastic true 
strain at n = 1) decreased somewhat as ~cl' the plastic true ~re-com~ressive 
strain was increased and also as the stress concentration of the notched 
specimen was increaseda However) the magnitude of the decrease differed for 
the three steels studied. This is clearly shown in Fig. 220 It was found also 
that greater ultimate strengths) in terms of engineering stress) were obtained 
for specimens subjected to large pre-compressions as shown in Fig. 23. 
Bo Cyclic Load Tests 
The low-cycle portion of the s-n curve resulting from zero-to-tension 
fatigue tests is rather flato This suggests that the m~~imum engineering stress 
may not be a good discriminator of low-cycle fatigue life or behavior. As 
shown in Figs. 27 through 29, the strain at the first maximum load is a more 
sensitive parameter than the maximum engineering stress for the evaluation of 
fatigue data with lives of less than 100 cycles. 
From limited test information, it is found that the time at the 
maximum load in each cycle has a marked effect on the low-cycle fatigue life 
in zero-to-tension fatigue testsa 
In reversed-load tests, specimens polished in the longitudinal 
direction were found to be stronger in fatigue strength than those ~olished 
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in the transverse directiono It was found also that the specimen with a higher 
stress concentration begins with a higher strength at n = 1) and then at longer 
lives gradually becomes less strong than the plain specimens 0 (See Figs. 33 
and 340) 
Co Cyclic Deformation Tests 
For constant relative-strain ratios) r) linear relationships of various 
slopes were found to exist on log 6qt vSo log n diagrams. When these test data 
are analyzed on the basis of normalized cyclic tensile change in plastic strain 
and n) there does not seem to be any material effect on the slgpe of the 
relationships 0 A linear relationship was found to exist between the inverse 
of the slope) 11m) and the relative-strain ratio) ro 
In addition) plastic strain-histories obtained from six cyclic load 
tests were analyzed on the basis of the low-cycle fatigue hypothesis presented 
herein 0 With the data from these tests it was found that the condition 
specified by the low-cycle hypothesis was satisfied. Correlations with other 
published test data indicate that it may be possible also to apply the 
hyPothesis to cyclic strain tests to metals other than mild steel. 
150 Conclusions 
On the basis of the information presented herein it may be concluded 
that) under low-cycle fatigue conditions) 
(1) The tensile change in plastic true strain) 6~l' varies with 
the amount of plastic true pre-compressive strain, qcl; the pattern of this 
variation is dependent on the material and the geometry of the member. 
(2) A linear relationship exists between log ~ and log n for a 
constant value of relative-strain ratioo 
(3) A linear relationship exists also between the quantities 11m 
and r, and, for mild steel) may be expressed as follows: 
1 1 - oo86r (20) - == m 
From the above conditions a general hypothesis describing the 
cumulative effect of plastic deformations on the low-cycle fatigue behavior 
of metals has been developed and may be expressed as follows: 
(22) 
Thus) under low-cycle fatigue conditions any tensile change in plastic strain 
is cumulative and the manner in which this accumulation takes place is 
dependent upon the amount of compressive plastic strain in each cycle. 
With this hypothesis a "one-cycle!! test may be used to describe, 
on the basis of the relative-strain ratio, the basic low-cycle fatigue behavior 
of mild steel for lives up to approximately 1)000 cycles 0 A limited number 
of correlations were obtained for other materials and indicate that the 
hypothesis may express also the low-cycle fatigue behavior of other metallic 
alloys 0 However, additional confirmations of this correlation would be 
desirable 0 
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APPENDIX 
Notations 
Cross-sectional area at the test section of the specimen after 
pre-compression, sq. ino 
46 
Cross-sectional area at the test section of the specimen at fracture, 
sqo ino 
Original cross-sectional area at the test section of the specimen, 
sq. in. 
Cross-sectional area at the test section of the specimen, 
re-machined after pre-compression, s~o in. 
A constant 
Diameter at the test section of the specimen after pre-compression, in. 
Diameter at the test section of the specimen at fracture, in. 
Original diameter at the test section of the specimen, in. 
Diameter at the test section of the specimen, in., re-machined 
after pre-compression 
Number of applications of tensile load 
Number of applications of tensile load prior to fracture 
Number of cycles 
Number of cycles to crack initiation 
Number of cycles to fracture 
Plastic true strain, percent 
Plastic true pre-compressive strain, percent 
Plastic true strain at fracture in simple tension, percent 
Mean cyclic plastic true strain, percent 
Cyclic maximum plastic true strain, percent 
Cyclic minimum plastic true strain, percent 
Plastic tensile true strain at fracture) percent 
r q 
R q 
R 
s 
s 
s 
c 
s 
max 
s . 
mln 
s 
u 
.6E: t 
~tl 
a 
a 
c 
Relative-strain ratio; cyclic compressive change in plastic true 
strain to cyclic tensile change in plastic true strain, ~~~ 
Absolute-strain ratio, cyclic minimum plastic true strain to cyclic 
maximum plastic true strain, . ~n/ ~ax 
Stress ratio, cyclic IDlnlmUm engineering stress to cyclic maximum 
engineering stress, s . /s 
mln max 
Engineering stress, ksi 
Engineering stress at the maximum compressive load) ksi 
M~~imum engineering stress, ksi 
Maximum engineering stress, ksi 
Ultimate strength) ksi 
Cyclic compressive change in plastic true strain) percent 
Cyclic tensile change in plastic true strain, percent 
Total tensile change in plastic true strain at n=l) percent 
Cyclic compressive change in plastic engineering strain, percent 
Cyclic tensile change in plastic engineering strain, percent 
Total tensile change in plastic engineering strain at n=l, percent 
Plastic engineering strain at fracture, percent 
Mean plastic engineering strain) percent 
True stress, ksi 
True stress at the maximum compressive load, ksi 
True stress at fracture, ksi 
TABLE 1 48 
SUMMARY OF MATERIAL PROPERTIES 
(a) Tensile Test Data (Type C-l Specimens) 
* 
Yield Stress" Ultimate Elongation True Fracture True Fracture 
Material ksi strength" 2 in. -gage length Stress" Strain" 
Upper Lower ksi ksi percent percent 
CA 
(Avg. of 
7 tests) 44.2 40.2 70.6 34.5 137 94 
CN 
(Avg. of 
8 tests) 48.6 46.8 68.7 35·9 143 105 
E 
(Avg. of 
4 tests) 38·3 33·5 59·3 35.6 120 98 
(b) Chemical Composition - percent (check analysis) 
Material* C Mn P S Si Cu Cr IIi Al 
CN and CA 0.24 0.69 0.022 0.030 0.20 0.22 0.08 0.15 00034 
E 0.21 0·34 0.019 0.030 0.01 0.18 0.12 0.19 00003 
* CN - ABS-C Normalized Steel 
CA - ABS-C As-roiled Steel 
E - Rimmed Steel 
TABLE 2 - SUMMARY OF II ONE~CYCLEII TESTS 
Specimen Re-Machined Engineering Stress) ksi True Stress, ksi True Strain, percent 
Noo Maximum Tension Maximum Tension Compression At Fracture 
Compression (At Fracture) Compression (At Fracture) ~l ~l 6~1 Load 
s s (J (Jf c u c 
C-2-CN3 No 0 76 0 146 0 85 85 
C-2-CN15 No 0 77 0 144 0 86 86 
C-2-CN29 No 0 76 0 139 0 86 86 
C-2-CN30 No 0 76 0 146 0 88 88 
C-2-CN64 No 0 77 0 132 0 83 83 
C-2-CN114 No 0 76 0 143 0 84 84 
C-2-,CN123 No -69 82 -66 144 -5 82 87 
C - 2-,CN140* No -70 79 -70 142 -6 78 84 
C-2-,CN120 - No -84 83 -78 143 -8 77 85 
C-2-,CNl19 No 
-99 88 -88 142 -12 72 84 
C-2-.CN134* Yes -100 90 -89 140 -12 71 83 
C - 2-·CNl26* No 
-99 90 -88 143 -12 72 84 
C-2~·CNl28* Yes -118 104 
-97 144 -20 65 85 
C-2~·CN1251<- No -119 105 -96 142 -21 63 84 
C-2~CNl21- No -127 109 
-99 145 -25 62 87 
C-2"·CNl18 No -139 116 -104 146 -29 55 84 
C-2""CNl39* No -137 119 -102 146 -30 54 84 
C-2 .. CNl36~ Yes 
-139 121 -103 144 -30 53 83 
C -. 2··CN127* Yes -158 139 -107 I 149 -40 44 84 
C-2··CNI37* Yes -172 150 -109 154 -46 40 86 
C-2-CNl29· Yes -188 155 -117 148 -48 29 77 
C-2··CN523 Yes -201 168 -117 157 -54 27 81 
C-2··CN122 No -162 127 Failed in Threads 
-~~ 
*The specimen was artificially aged at 1500 C for 90 minutes before the tensile test. 
+:-
\,Q 
TABLE 2 (Cont t d) 
Specimen Re-Machined ~~ineering Stress l ksi True Stress l ksi True Btrain J percent 
No. Max irnlun Tension lilaximum Tension Compression At Fracture 
Compression (At Fracture) Compression (At Fracture) \1 ~1 6~1 Lotld 
I' G 
° 
of ,I 
" 
II C 
---,_ ... 
C-2A-CN15·6 !1;) 0 yCl 0 157 0 60 60 
C-2A-CN303 !I\) - I { :)0 -75 152 -2 57 59 
C-2A-CN304 No -lUO 101 -95 157 -6 57 63 
C-2A-CN307 No -l~.~U 112 -113 149 -13 44 57 
C-2A-CN309 No -144 121 -121 140 -17 28 45 
C-2A-CN305 No -150 124 Failed in Threads 
C-2-CA2 No 0 79 0 140 0 77 77 
C-2-CAlO No 0 78 0 144 0 7~ +~ C-2-CAlOl. No 0 79 0 1~8 0 
+8 C-2-CAl09 No 0 l~ 0 1 0 0 78 C-2-CAl1l. No -92 -84 141 -9 10 l6 C-2-CAl1 No -117 102 -97 144 -19 61 
C-2-CAl06 Yes -1~0 114 -101 146 -25 a~ 81 C-2-CA6 No -1 1 121 -105 145 -30 77 
C-2-CAl5 No -159 134 -109 145 ~8 sl 7~ C-2-CAl14 Yes -1~5 135 -107 147 - 0 74 C-2-CAl07 Yes -1 2 103 -113 150 -51 23 ~9 C-2-CAl05 Yes -21b 179 -119 151 -59 10 
C-2-E2 No 0 gtt 0 12~ 0 ~~ ~3 C-2-E10 No 0 0 12 0 
C-2-EI01 No 0 ~~ 0 125 0 85 85 C-2-E109 No 0 0 l2~ 0 ~5 9~ C-2-E14 No -80 ~~ -32 11 -11 C-2-E103 No . -102 
- 3 124 -21 66 ~1 
C-2-E8 No -126 107 -92 127 -31 '47 78 
C-2-El13 Yes -142 122 -95 129 -40 36 76 
C-2-E11 No -142 122 
-95 134 -40 34 7~ 
C-2-E12 No -169 141 -101 125 -52 20 72 
C-2-E115 Yes -169 141 -104 132 -49 20 69 \Jl 0 
C-2-E116 Yes -202 168 -107 134 -63 4 67 
Specimen No 0 
C-I-CN1 
C-I-CN31 
C-l~CN43 
C-I-CN49 
C~2-CN29 
C-2-CN33 
C-2-CN58 
C-2~CN59 
C-2-CNl03 
C-2-CNl04 
C~2-CNI05 
C-2~CN106 
C-2-CNI07 
C-2-CNl08 
C-2A-CN156 
C-2A-CNl57 
C-2A-CNI58 
C-2A~CN159 
C-2A-CN170 
C-2B-CN160 
C-2B-CN161 
C-2B=CNI62 
C-3-CN142 
C-3-CNl43 
C~3~CN145 
C-3-CN147 
C~3-CN148 
C-3-CNl49 
C-3-CNl50 
C~3-,CNl51 
C-3-CNl52 
C-3-CNl54 
C-3-CN155 
R-I-CN8 
R-I-CN26 
R-I-CN50 
R-I-CN62 
R-2c~CN4 
R-2-CN6 
R-2=CNlO 
R-2-CNl6 
S-I-CN)2 
S-1-CN44 
S-1-CN56 
TABLE 3 51 
SUMMARY OF ZERO-TO-TENSION LOAD FATIGUE TEST DATA 
Maximum Cycles Strain at 
Engineering Stress) to Failure) First Max 0 Load) 7b 
kSi) s n 
68.5 1 20.0 
6804 1 20.0 
64.1 632 8·3 
68.4 18 12.0 
75·9 1 25·5 
72·9 75 12·5 
76.0 18 17·5 
74.6 53 14·5 
79.4 5 17.2 
78.5 10 15·0 
75·0 96 10.2 
75·8 84 10.2 
7903 3 24.0 
70.7 352 8.5 
9505 1. 22.0 
95·0 1 20.0 
9308 31 12.0 
95.6 10 16.0 
91.0 55 1005 
7109 1 22.0 
7405 7 17.0 
73~0 27 14.0 
50.0 .10 ) 088 ,OOO-x-
5200 10 ) 000 , 0007:-
5900 4,000. 
53·0 2)713,000 Tested at 1800 cpm in 
60.0 8,000 Fatigue Testing 58.0 328)000 
56.0 750,000 Machine (-X-No Failure) 
54.0 497)000 
57.0 257)000 
52·5 10)547,000* 
5208 6,504,000. 
69.4 20 15.5 
68.8 41 11.2 
67.7 7 16.6 
68·9 1 20.0 
77.8 1 23.6 
77·3 10 Ib.7 
76.0 45 l1Q4 
74.2 92 9·0 
67.9 4 18~o 
70.0 1 20.0 
68.7 22 14.2 
Specimen No 0 
S-2-CN5 
S-2-CNll 
S=2=CH17 
S-2-CNl8 
S-2-CN46 
A-2-CN47 
S-2-CN48 
Specimen 
Noo 
C-2-CNI09 
C-2-CNlll 
C-2-CN1l2 
C-2-CH1l3 
C-2-CH1l6 
C-2A-CN163 
C-2A-CIU6:" 
C-2A-CN165 
C-2A-CN166 
C-2A-CN167 
C-2A-CIU6E 
C-2A-CN169 
TABLE 3 (Cont'd) 
Maximum 
Engineering Stress, 
ksi, s 
75·5 
74.9 
76.5 
76·3 
73·0 
7805 
7805 
Cycles 
to Failure, 
n 
TABLE 4 
34 
60 
1 
25 
146 
5 
4 
Strain at 
First Max. Load, ~~ 
ZERO-TO-TENSION SUSTAINED LOAD FATIGUE TEST DATA 
l·1a.ximum Stress Cycles Strain at Time per 
to Failure) First Max. Load Cycle at 
52 
ksi) s n % Max. Load, 
Minutes 
74.8 100 17.2 21.0 
75.1 100 19·0 7·5 
77.0 2.2 17.0 5·0 
76.5 100 1705 16.0 
77.4 3·0 18.0 205 
9304 loO 21.0 0·5 
91.4 100 1306 44.0 
92.2 100 16.0 6025 
90.1 11.0 1106 5·0 
92.4 100 15· 5 10·5 
90.4 603 lio6 10.0 
89.8 23.·0 1l·5 100 
53 
TABLE 5 
SUMMARY OF REVERSED-LOAD FATIGUE TEST DATA 
Specimen 
Noo 
C-2-CNl20 
C-2-CNl38 
C-2-CNl32 
C-2-CNl35 
C-2-CNl33 
C-2-CNl24 
C-2-CNll7 
C-2-CN505 
C-2-CN501 
C~2-CN502 
C-2-CN504 
C-2-CN503 
C-2A-CN304 
C-2A-CN302 
C-2A-CN3l0 
C-2A-CN306 
C-2-CN410 
C-2-CN404 
C-2~CN403 
C-2-CN409 
C~2-CN402 
C-2-CN408 
C-2-CN4ol 
C-2=CN514 
C-2-CN406 
C-2=CN405 
C-2~CN407 
C--2-CN509 
C-2-CN506 
C-2-CN511 
C-2-CN513 
C-2-CN515 
C-2-CN5l2 
C-2l-CN411 
C-21-CN415 
Stress 
Cycle 
ksi 
+ 83 (c)* 
:; 78 (T)* 
"+ 79 (C) 
:; 74 (T) 
:; 74 (C) 
~ 69 (T) 
+ 70 (C) 
:; 75 
:; 65 
:; 55 
:; 45 
:; 40 
+ 100 
:; 92\- ('G) 
:; 87 (T) 
~ 87 (0) 
:t. 75 
+ 75 
:; 70 
+" 65 
+" 60 
+ 55 
+" 50 
+' 50 
:; ~o 
+" 5 3: 45 
+ 60 
:; 55 
+" 50 
+" 50 
+" 50 
~ 45 
+ 50 
:; 41 
Number of Cycles 
N ) c Nf , 
Visible Crack Failure 
(Transversely Polished) 
1 
2 
4 
6 
16 
34 
48 
35 
395 545 
1295 2543 
2716 4149 
12200 17244 
1 
13 16 
23 
23 29 
(Longitudinally Polished) 
ll8 224 
85 1.50 
240 400 
500 750 
1300 1900 
1800 2500 
2600 5200 
5306 
6600 7200 
10000 12600 
10200 12800 
1544 
3555 
7647 
~~§i 
13643 
2400 3400 
12502 6292 
* (C) - First load applied in Compressiono 
(T) - First load applied in Tension. 
N-
c 
Nf 
·72 
·51 
.65 
·71 
.78 
0·53 
0.65 
0.60 
Oo6J 0.6 
0·72 
0·50 
0084 
O·l9 o. 0 
(aged after 1 cycle) 
(aged after 1 cycle) 
~aged after 1 cycle) 
aged after 204 CYCleS~ 
aged after 509 cycles 
(aged after 1 cycle) 
·71 
.77 
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TABLE 5 (Conttd) 
Specimen Stress Number of Cycles N 
No. Cycle N ) Nf ) 
c 
ksi c Nf Visible Crack Failure 
C-2A-CN420 + 70 329 394 .84 
C-2A-CN4l9 :; 60 610 1080 ·56 
C-2A-CN416 + 50 2100 3000 ·70 
C-2A-CN417 :; 40 2900 5500 ·53 
C-2A-CN418 2: 33 10200 24300 .42 
C-2Al-CN423 + 60 240 
C-2Al-CN421 + 50 1000 1700 ·59 
C-2Al-CN422 :; 40 2700 4400 .61 
C - 2Al-CN424 ± 35 9842 18963 ·52 
C-2JQ-cn425 2: 30 12700 28200 .45 
T.A.BLE 6 55 
RESULTS OF CYCLIC DEFORMATION TESTS 
Relative- Cyclic Tensile Normalized 
Strain Specimen Change in Plastic Cyclic Tensile Cycles to Ratio No. True Strain Change in Plastic Failure 
6Qc percent True Strain; percent 
-
=-- 6qt 6Clt/6 Qtl n 6qt 
_l/L~ * 80 C-2-CA 100 1 
C-2-CAl08 30 38 3 
C-2-CA16 20 25 5 
C-2-CA7 10 13 10 
-1/2 * 83 C-2-CH 100 1 
C-2-CN518 40 49 3 
C-2-CN517 3·0 36 5 
C-2-CN516 20 24 7 
C-2-CN519 10 12 16 
-1/2 * C-2-CA 77 100 1 
C-2-CAl12 40 52 3 
C-2-CAl04 30 39 4 
C-2-CAl2 20 26 6 
C-2-CA8 10 13 14 
-1/2 * C-2-E 75 100 1 
C-2-E111 L~O 53 3 
C-2-El08 30 40 4 
C-2-E107 20 27 7 
C-2-El12 10 13 14 
_ )/L~ * C-2-CA 72 100 1 
C-2-CAl13 40 56 3 
C-2-CAI03 30 42 5 
C-2-C1-U3 20 28 9 
C-2-CA3 12 17 17 
* 76 -1 C -2 -c:; 100 1 
C-2-ClJ508 42 55 3 
C-2-CN507 21 27 14 
C-2-CIJ524 11 14 41 
C-2-CIJ522 5 6 130 
C-2-CLJ521 2 3 565 
* Interyolation from "one-cycle!! test results. 
Relative-
Strain 
Ratio 
l::.qc 
r =--
l::.qt 
-1 
-1 
Specimen 
No. 
* C-2-CA 
C-2-CAl15 
C-2-CA5 
C-2-CAl4 
C-2-CA4 
C-2-CAl16 
* C-2-E 
C-2-EI06 
C-2-EI05 
C-2-E15 
C-2-E6 
C-2-E7 
C-2-E13 
TABLE 6 (Cont'd) 
Cyclic Tensile 
Change in Plastic 
True Strain 
pel~cent 
l::.~ 
66 
39 
20 
8 
/" 
0 
3 
66 
40 
19 
8 
6 
4 
3 
-)t Interpolation fOl~ "one-cycle!! test results. 
Normalized 
Cyclic Tensile Cycles to Change in Plastic 
True Strain) percent Failure 
~/l::.qtl n 
100 1 
59 2 
30 9 
13 48 
9 90 
5 261 
100 1 
61 2 
29 10 
13 42 
9 91 
7 182 
4 322 
Specimen 
No. 
C-2-CNlO9 
C-2-CN111 
C-2-CN113 
C-2-CN1l5 
C-2-CN1l2 
C-2-CN107 
C-2-CN116 
C-2-CNI03 
C-2-CNl04 
C-2-CN58 
C-2-CN59 
c-2-cn33 
C-2-CHl06 
C-2-CN105 
C-2-CNl08 
TABLE 7 
PLASTIC TRUE STRAIN AT FRACTURE OF SPECIMENS IN 
ZERO-TO~TENSION CYCLIC LOAD TESTS 
57 
Plastic True Strain 
Max. Stress) Cycles to Failure at Fracture) 
percent 
ksi n qf 
75 1 82 
75 1 82 
77 1 82 
75 1 80 
77 3 80 
79 3 81 
77 4 80 
79 5 79 
79 10 79 
76 18 77 
75 53 83 
73 75 84 
76 84 81 
75 96 81 
71 352 84 
58 
TABLE 8 
ANALYSIS OF PLASTIC STRAINS FROM REVERSED-LOAD TESTS 
1 Specimen Test Stress Cycles to ! [~ mr Strain History Data No. Failure ksi, S n (6q ) 
. 1 tl . 
. (1) ~ (2) l - , 
l= . l 
C-2-CN138 ±78 2 1.004 1 
2 
C-2-CNl32 ±79 4 0·993 1 
2 
3 
4 
C-2-CNl35 ±74 6 1.029 1 
2 
3 
4 
5 
6 
C-2-CNl33 ±74 16 1.022 l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
l2 
13 
14 
15 
16 
C-2-Ch124- ,"- 34 ' (\'7C:: 1 :!:u)) ...1-0 V 1.,1 
2 
3 
4 
5 
." :~ 
'/ 
r. 
0 
* See Eq. 22 
(1) Number of applications of tensile load. 
(2) Cyclic compressive change in plastic true strain, percent. 
(3) Cyclic tensile change in plastic true strain, percent. 
0 
5·3 
6.8 
3·0 
5.6 
7·2 
0 
5·5 
4.5 
6.2 
6.2 
5·9 
5.8 
3·4 
2.9 
4.9 
3·9 
3·8 
5.0 
5.6 
5·5 
5·5 
5.4 
5.4 
4·5 
4.2 
6.8 
6.6 
0 
4·7 
4.2 
3·7 
5·1 
4.2 
4.2 
4.5 
6qt' 
(3) 
16.6 
69·8 
10·7 
8.6 
10.l 
73.4 
10.4 
7·3 
7·l 
8.0 
10·3 
69·4 
7·3 
5.8 
5·9 
4.9 
508 
500 
6.5 
6.5 
6.4 
6.4 
6·3 6 "2 
. .) 
7·1 
'7·7 
lOol 
65.9 
8.1 
601 
2.8 
).1 
5·1 
4.2 
j.1 
L~ 0 6 
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TABLE 8 (Conttd) 
1 Specimen Test Stress Cycles to ! [~ mr Strain History Data No. Failure . ( 1) ksi) S h (~q ) l 
. 1 tl . l= l 
C-2-CN124 (Contrd) 9 
10 
11 
12 
13 
14 
15 
16 
17 
:18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
C-2-CIill7 ±7C 48 1.069 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
* See Eg. 22 
(1) Number of applications of tensile load. 
(2) Cyclic compressive change in plastic true strain) percent. 
(3) Cyclic tensile change in plastic true strain) percent. 
(2) 
-.6qc) .6qt) (3) 
3.6 3.6 
3·6 3.6 
4.1 4.6 
3·7 4.6 
4.1 4.5 
4.1 5·0 
5·0 5·0 
4.1 5·0 
5·0 5·0 
3·6 4·9 
4.4 4.B 
4.4 5·3 
5·3 5·7 
4.8 4.B 
3·9 5·1 
4·7 5·9 
5·0 5·9 
5·1 6·3 
5.4 5~8 
5·3 6.5 
6.1 7·7 
6.5 8.0 
5·5 6.3 
5·1 7·4 
6.2 B.4 
6.4 57.B 
4.9 5·3 
3·0 3·9 
3·2 3.6 
3·2 4.0 
3.6 4.5 
4.1 401 
4.1 4.4 
4.0 4.0 
3·2 7.2 
3·6 2.4 
2.8 3·3 
3·3 3·7 
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TABLE 8 (Contrd) 
S:pecimen 
No. 
Test stress Cycles to 
Failure 
n 
strain History Data 
ksi) S i(1) 
C-2-CN1l7 (Cont'd) 13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
f)(l 
c:..7 
30 
31 
32 
~~ 
.;.; 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
JIt;::' 
'TV 
47 
48 
* See Eg. 22 
(1) Number of a:pplications of tensile load. 
(2) Cyclic compressive change in plastic true strain) percent. 
(3) Cyclic tensile change in plastic true strain, :percent. 
-6.q ( 2 ) ~ (3 ) c) , 
4.0 4.3 
4.0 3·7 
303 3·6 
3·2 401 
3·7 4.1 
3·7 5·0 
4.0 4.2 
4.2 402 
3·8 4.2 
3. 4 4.2 
3·3 4.5 
4.2 4.2 
3·7 4.2 
4.2 406 
4.2 4.6 
4.1 4·9 
4.6 5·9 
5.4 5·4 
4.6 4.6 
4.2 4.2 
2iR h '7 
./.~ 
, • J 
4.3 5·3 
4.8 5·5 
5·1 5·9 
4.7 4~7 
4.2 5·1 
4.7 502 
4.8 5.1 
4.2 5.6 
5.2 5·7 
5·1 6.0 
4.9 6.3 
5·0 706 
r::- Q o ""7 
:;;.u u. ( 
7.4 1004 
6.5 5605 
TABLE 8 (Cont'd) 
Specimen Test Stress Cycles to 1 n [~ rur No. Failure L ksi, S n (6q ) -tl . i=l l 
C-2A-CN302 ±92 16 1.056 
C-2A-CN310 1.083 
-x- See Eq. 22 
(1) Humoer of applications of tensile load. 
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Strain History Data 
. (1) /\ (2) /\ (3) 
l -wqc' wqt' 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1-0 
11 
12 
13 
14 
15 
l6 
1 
2 
3 
!~ 
5 
6 
7 
8 
9 
10 
11 
12 
13 
lL~ 
15 
16 
17 
18 
19 
20 
21 
22 
23 
4.6 
3·1 
3·9 
3·9 
3·9 
3·8 
4.8 
3·8 
4·7 
4.6 
5·5 
6.4 
4·5 
L~. 5 
5·3 
5.2 
o 
3·7 
4.2 
3·7 
3·7 
4.6 
4.1 
4.7 
4.2 
,- r ).0 
5.6 
5.1 
4.2 
!~. 6 
3·3 
4.1 
4.5 
4.5 
4.5 
4.1 
5.6 
6.0 
3·9 
4·9 
4.8 
4.8 
5·7 
4·7 
5·6 
5·5 
7·3 
6.4 
5 .!~ 
7·1 
7·0 
20.0 
6.'r 
3·7 
4.2 
3·7 
5·0 
4.6 
4.7 4.7 
4.6 
5·6 
6.6 
5·1 
4.6 
4.2 
4.6 
5·0 
4.9 
L~ • :J 
5·0 
h.1 
).) 
8.2 
(2) Cyclic compressive change in plastic true strain, percent. 
(3) Cyclic tensile change in plastic true strain) percenG. 
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TABLE 8 (Cont ' d) 
1 Specimen 
Noo 
Test stress Cycles to 
Failure 
n 
n [6'lt mr Strain History Data I ksi, S (.6Clt ) i(l) 1 . i=l l 
C-2A-CN306 29 0.943 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
l5 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
* See Eq. 22 
~1) Number of applications of tensile load. 
(2) Cycl~c comp:essive cha~ge in ~~as~ic t~e ~train, percent. 
(3) Cycllc tenslle change In plas~lc ~rue s~raln: percent. 
.6q (2) ~ (3) 
- c' , 
4.1 501 
2.6 3.6 
302 307 
305 4.0 
305 305 
300 3·9 
3·4 304 
304 3·9 
3·9 3·9 
3.4 3·4 
3.4 3·9 
304 3·4 
3. 4 3.8 
303 3·8 
3·8 3·8 
3·3 4.3 
3.8 3.8 
3.8 3.8 
3·4 1+03 
4·3 403 
3.8 308 
3·3 4.2 
307 3·7 
2.8 3.2 
3·2 4.2 
402 406 
4.6 4.2 
3.2 5·9 
4.6 15·0 
I 2" C. 
~ 
.gage length 
i1 
-
.... 
, 1/2" roo. - L 
Hl
(a) Type C-l 
. 
JTlTITfTIJ1 ~:_ lJJlJJIITIJ~' 
(b) Type R-l 
~ 
3/4" NC \' Thread 
..........., 
.......... 
(e) Type 8-1 I 
5 1/2" . • 
(d) Type C-2 
~'IIIIIIIIIII ~ 1111111111\ 
. 
o 
(e) Type R-2 
tI 1. -- II c- 1. II 
I_ (r) ~: 8-2 .I 
FIG. 1 DETAILS OF SERIES 1 AND 2 SPECIMENS 
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FIG. 2 DETAILS OF TYPES C-2A, C-2B.AND C-3 SP:EX::IMENS 
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FIG. 3 DETATTSOF TYPES C-2, C-21, C-2A, AD-n C-2Al SPECIMENS 
FIG. 4 50,000-FOJJfD ILLINOIS-TYPE FATIGUE TEST:prG MACHINE 
• 
• 
FIG. 5 REVERSED-LOAD FULL-BEADS WITH A TEST 
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FIG. 9 TYPICAL PRE-COMPRESSED SPECIMEB SHOWN 
ON THE LEPT OF A VIRGIN SH:CIMEN 
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~IG. 10 A TYPICAL RECORD OF LOAD VSELONGATION FOR A TYPE C-l 
SPECDfEN SUBJECTED TO REPEATED CONSTANT TENSILE LO.AI:6 
Specimen C-2-CN_l~3 
(ABS-C Normalized Steel) 
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FIG. 11 LOAD-DIAMETER-TIME RECORD FOR A TYPE C-2 SPEClNEN 
SUBJECTED TO SUSTAINED MAXDruM TENSILE LOAD 
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FIG. 12 LOAD-DIAMm'ER-TIME RECORD FOR A TYPE C-2 SPECIMEN 
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FIG. 13 CYCLIC STRAm TESTS AT VARIOUS 
REIATIVE-STRAIN RATIOS 
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FIG. 15 mUE STRESS. VS r TRUE S'fRADf RELATIONSHIP FOR fiFE 0"-2 
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FIG. 16 mOE SCfRBSS VS. !RllE STRAm RELATIOl(SHIP FOR 'fiPE. C-2 
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FIG. 18 TENSTT.E CHANGE m PIASTIC TRUE S~Dl AND 
PLASTIC ·mUE STRAIN AT FRACTURE VS. PLASTIC 
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FIG. 20 TENSILE CHANGE IN PLASTIC mOE STRAIN AND 
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FIG. 44 PIASTIC TRUE STRAlN AT FRACTURE OF SP~IMENS SUBJECTED TO REPEATED TENSILE L.OADS 
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FIG. 56 COBRELATION OF HYPOTBEsIS WITH NmATIVE MEAN-STRAIN TESTS ON 2024 ALUMINUM AU..[)y 
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